1. Introduction {#sec1}
===============

Chalcogenides are a group of two-dimensional (2D) layered materials possessing many interesting optoelectronic properties. Within this large family, topological insulators^[@ref1],[@ref2]^ and phase change materials^[@ref3]−[@ref8]^ receive most of the attention. Their unique properties are applicable to novel on-chip electronic, optoelectronic, and optomechanical devices, such as spin-polarized directional photodetectors,^[@ref9],[@ref10]^ broadband photodetectors,^[@ref11]^ and electronic and mechanical memories.^[@ref3]−[@ref7]^ Those unique electronic and photonic properties of 2D layered materials, such as strong spin--orbit coupling^[@ref9]^ and stoichiometric intercrystalline transitions,^[@ref7]^ are strongly dependent on their atomic arrangements and interlayer interactions, which can be easily deformed during the material preparation processes. Thus, understanding how atomic deformations (e.g. strain and defects) are introduced into atomic structures during the synthesis, exfoliation, and transfer processes is critical to the device efficiency. X-ray and electron diffraction are commonly used to measure the strain in crystalline thin film samples. However, their large spot size limits their applications in device level studies and fail to resolve strain nonuniformity in wafer-scale samples.^[@ref12]^

Distinguished from bulk separation and other deposition methods, the molecular beam epitaxy (MBE) growth technique can produce large domain single crystalline 2D layered chalcogenide thin films.^[@ref5],[@ref13]−[@ref15]^ The weak interlayer van der Waals (vdW) force allows easy exfoliation of single domain crystalline layers and the formation of dangling bond-free interfaces of the layered material, but it also poses challenges for the choice of the lattice-matched substrate. With the assistance of wetting layers, high-quality crystalline Bi~2~Se~3~ and In~2~Se~3~ thin films can grow epitaxially on sapphire substrates.^[@ref5],[@ref14]^ Both materials have a layered structure, which belongs to the space group *D*~3d~^5^(*R*3̅*m*). The unit cell is composed of five atomic layers, that is, 1 quintuple layer (QL): SeII--In(Bi)--SeI--In(Bi)--SeII. Even with slight lattice constant offsets, strain can still be developed on the interfaces during the epitaxial growth. The accumulation of strain alters the electronic structure and leads to undesired defects, such as threading dislocations and cracking. This work will be dedicated to studying the strain/stress development with the thickness of the epitaxial layer, as well as the influence of mechanical exfoliation and transferring process and the deformed flexible substrate.

Micro-Raman spectroscopy has been used as a noninvasive and versatile tool to map the mechanical strain/stress in large domain single crystalline materials on arbitrary substrates, such as MBE III--V materials,^[@ref16]^ graphene,^[@ref17]−[@ref19]^ multilayered semiconductors,^[@ref20]^ metal oxides^[@ref21]^ and 2D layered chalcogenides.^[@ref15]^ As Raman peaks can be influenced by temperature, charge density, polarization,^[@ref22],[@ref23]^ and defects, it is critical to choose the phonon modes that are most sensitive to strain/stress. On the same sample, both the phonon frequency shift and the full width at half maximum (FWHM) vary less than 0.1 cm^--1^. The charge density/doping level is uniform across the sample and remains unchanged before and after transferring, and thus the phonon frequency shift and FWHM broadening can be mostly attributed to strain/stress. In this work, we focus on the transverse optical vibrational A~1~ phonon mode. The In~2~Se~3~ A~1~ (LO + TO) mode and the Bi~2~Se~3~ A~1g~^2^ mode are observed to be most sensitive to the externally applied strain. Linear potential deformation theory shows a linear relationship between the A~1~ phonon peak shift and strain ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00224/suppl_file/ao0c00224_si_001.pdf) S1). The phonon frequency shift--strain coefficient can be experimentally calibrated and used to calculate the thickness-dependent strain in those samples through spatially resolved micro-Raman spectroscopy.

2. Results and Discussion {#sec2}
=========================

2.1. Strain in As-Grown and Transferred Chalcogenide Films {#sec2.1}
----------------------------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} compares the micro-Raman spectra of the as-grown and transferred MBE samples. The as-grown In~2~Se~3~ sample (blue curve in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) has three major peaks, which are representative phonon modes in β-In~2~Se~3~.^[@ref4],[@ref6],[@ref7]^ The main peak around ∼110 cm^--1^ is attributed to the A~1~(LO + TO) mode. The other two peaks (175 and 205 cm^--1^) are relatively weak and attributed to the A~1~(TO) and A~1~(LO) modes, respectively. After transferring onto the polyethylene terephthalate (PET) substrate, no significant change in Raman spectra is observed (red curve in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). An example of the transferred flake is shown as the inset in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The Raman peak from the PET substrate (grey curve in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) is far from the major phonon frequency, and thus its influence can be excluded. Comparing the as-grown and transferred samples, the major Raman A~1~(TO + LO) mode shifts from 109.89 to 108.11 cm^--1^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Assuming the strain in the exfoliated samples is relaxed (ω~0In~2~Se~3~~ = 108.11 cm^--1^), the phonon frequency shift (∼1.78 cm^--1^) is caused by strain in the MBE growth. This zero-strain phonon frequency ω~0In~2~Se~3~~ is consistent with the measured values reported by Zhou et al.^[@ref24]^ (108.5 cm^--1^) and Tang et al.^[@ref25]^ (108 cm^--1^) for the transferred β-In~2~Se~3~ film. The BiInSe~3~ buffer layer is less than 10 nm, and the In~2~Se~3~ layer thickness is more than 70 nm. The Raman signal from the underlying buffer layer is an order of magnitude lower than the In~2~Se~3~ signal. Also, BiInSe~3~ has primary Raman peaks at 69.1, 129.1, and 171.7 cm^--1^, away from the In~2~Se~3~ A~1~(LO + TO) mode.^[@ref26]^

![Micro-Raman shift of MBE-grown chalcogenide before and after transfer. (a) Micro-Raman spectra of MBE-grown In~2~Se~3~ on a sapphire substrate (blue) and a mechanically exfoliated flake on an unknown flexible substrate (red curve), compared to the Raman response of substrate only (grey). Inset: Optical microscopy image of the exfoliated flake. (b) Peak wavenumber of the In~2~Se~3~ Raman A~1~ (LO + TO) mode as marked in (a). Inset: Schematic of atomic structure transition before and after transferring. (c) Raman spectra of MBE Bi~2~Se~3~ before (blue) and after (red) transferring. Inset: Optical microscopy image of the exfoliated flake. (d) Peak wavenumber of Bi~2~Se~3~ Raman A~1g~^2^ mode. Inset: Schematics of atomic structure transition before and after transferring. The peak wavenumbers are obtained by Lorentzian curve fitting of the experimental data.](ao0c00224_0001){#fig1}

Similar experiments are carried out for Bi~2~Se~3~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d). MBE Bi~2~Se~3~ shows three peaks centered at 71, 130, and 173 cm^--1^, corresponding to the A~1g~^1^, E~g~^2^, and A~1g~^2^ modes, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c).^[@ref27]^ After mechanical exfoliation and transferring, all three Raman modes shift to higher frequencies. The A~1g~^2^ mode phonon frequency increases from 173.39 to 173.84 cm^--1^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). The measured phonon frequency shift with strain in the as-grown sample is −0.45 cm^--1^, and the measured zero-strain phonon frequency (ω~0Bi~2~Se~3~~) is 173.84 cm^--1^. This value of the zero-strain phonon frequency is consistent with the value (174 cm^--1^) reported by Vilaplana et al.^[@ref28]^ and Dang et al.,^[@ref29]^ and close to the value (176.5 cm^--1^) reported by Chis et al.^[@ref30]^

2.2. Calibration of Raman Shift--Strain Coefficient {#sec2.2}
---------------------------------------------------

To characterize the Raman shift--strain coefficient, we introduced controllable strain from bending the flexible substrate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) and simultaneously monitored the in situ Raman spectra of exfoliated samples in direct contact with the substrate. The samples are under uniaxial stress. The relationship between the Raman frequency shift of A~1~ mode Δω (=ω -- ω~0~) of point group *D*~3~ and the strain ε under uniaxial stress can be written as ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00224/suppl_file/ao0c00224_si_001.pdf) S1)where *a*~A~1~~ and *b*~A~1~~ are the strain phonon deformation potentials of A~1~ mode, *S*~*ij*~ is the material's compliance constant, and *k* is the Raman shift--strain coefficient of A~1~ mode under uniaxial stress. The strain introduced by curving the substrate is .^[@ref31],[@ref32]^ The flexible substrate thickness (*t*) is 0.175 mm. *R* is the radius of the curvature, and can be obtained through the following equation: , where *L*~0~ is the overall length of the PET and *L* is the lateral distance between the two edges ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).

![Strain-dependent Raman spectra of MBE In~2~Se~3~. (a) Optical image and (b) schematics of the strain-loading setup. The lateral length (*L*) is precisely measured using a caliper. (c) Raman peak wavenumber (black dots) and FWHM of A~1~ (LO + TO) vs the loaded strain. The linear curve fitting indicates that the Raman peak wavenumber shifts with effective strain applied onto the sample, at a ratio of −1.97 cm^--1^/% (red line).](ao0c00224_0002){#fig2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c compares the In~2~Se~3~ Raman spectra under different strain. The A~1~(LO + TO) phonon frequency redshifts (Δω~In~2~Se~3~~ = ω~In~2~Se~3~~ -- ω~0In~2~Se~3~~) with increasing strain (ε~In~2~Se~3~~) at the ratio of −1.97 cm^--1^/%. The ratio is obtained by linear fitting the experimental data (black dots in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). No significant increase of the FWHM is observed during the strain-loading process (blue dots in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), which means that the load is effectively carried by the sample after stretching.

A similar method can calibrate the Raman shift--strain coefficient under uniaxial stress in the Bi~2~Se~3~ samples ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The Raman peaks representing A~1g~^1^, E~g~^2^, and A~1g~^2^ modes all red-shifted with the applied strain. The Raman shift--strain coefficient of A~1g~^2^ mode is calibrated to be −1.68 cm^--1^/% ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), compared to −0.42 cm^--1^/% for the A~1g~^1^ mode. Both parameters for the thin films are much larger than those reported for bulk structures.^[@ref33]^

![Strain-dependent Raman spectra of MBE Bi~2~Se~3~. (a) Peak wavenumber of A~1g~^2^ mode and (b) A~1g~^1^ mode vs loaded strain, at the ratio of −1.68 and −0.42 cm^--1^/% respectively. (c) FWHM of A~1g~^2^ mode vs loaded strain. (d) Typical Raman spectra of A~1g~^2^ mode under strain.](ao0c00224_0003){#fig3}

The FWHM of the Raman A~1g~^2^ mode increases with applied strain as ε~Bi~2~Se3~ \> 0.6% ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). As ε~Bi~2~Se~3~~ increases up to 1%, the Raman spectrum of A~1g~^2^ mode partly overlaps with the one without any stress ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). The increased FWHM indicates the nonuniform load carried with increasing strain. We attribute those observations to the failure of the weak vdW bonding at the interface. The interface failure leads to strain relaxation, and thus the phonon frequency recovers to its original position. This observation is consistent with other vdW contact interfaces reported in the literature. For example, the interface between graphene and PET fails when the applied strain is above 0.5%.^[@ref19]^

2.3. Thickness-Dependent Strain in As-Grown MBE Sample {#sec2.3}
------------------------------------------------------

Given the calibrated phonon frequency shift--strain coefficients, we can use spatially resolved micro-Raman spectroscopy to measure the strain introduced during the epitaxial growth process. Different from the uniaxial stress introduced by bending the substrate, the stress in the epitaxial layer is biaxial. The relationship between the phonon frequency shift and the strain under biaxial stress is also linear. For Bi~2~Se~3~, the Raman shift--strain coefficient under uniaxial stress is derived from being 0.37 times of the one under biaxial stress ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00224/suppl_file/ao0c00224_si_001.pdf) S1). Because of the limited literature report, the relationship between the two coefficients cannot be accurately estimated for In~2~Se~3~. Given the similar crystalline structure, we assume the ratio between two coefficients in In~2~Se~3~. From the experimentally measured Raman shift, we can estimate the local in-plane strain formed during the material growth process. The sample thickness increases from zero to tens of nanometers near the edge of the MBE sample, and thus the spatially resolved Raman spectra can be used to calculate the strain in the sample as a function of thickness. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} plots strain versus phonon frequency shifts in In~2~Se~3~ and Bi~2~Se~3~. The empty triangular marks in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a are experimentally measured data through substrate-loaded strain in In~2~Se~3~ on PET substrates. By extrapolating the linear curve fitted line (red line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), the strain in the MBE-grown sample with increasing thickness can be estimated through its phonon frequency (solid triangular marks in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The same process/analysis is applied to Bi~2~Se~3~ samples ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The results indicate that compression strain exists in the In~2~Se~3~ sample and increases with the sample thickness. In a 40 nm thick film, the compression strain reaches −0.33%. β-In~2~Se~3~ can load large compression strain,^[@ref34]^ and thus the Raman shift--strain relationship is likely to be valid in the region 0 \> ε~In~2~Se~3~~ \> −0.5%. Distinguished from In~2~Se~3~, the tensile strain is observed in Bi~2~Se~3~, and the strain decreases with film thickness (solid black marks in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The observation is consistent with the literature.^[@ref15]^

![Strain vs phonon frequency shift for (a) In~2~Se~3~ and (b) Bi~2~Se~3~. The linear fitting (red line) of the strain vs Raman frequency shift (empty marks), which is derived from [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}. The solid marks represent the estimated strain varying with film thickness.](ao0c00224_0004){#fig4}

The strain mapping is carried out near the edge of the MBE sample, where the film thickness is not uniform ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The spatially resolved strain (derived from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) is compared to the film thickness. A similar trend between the compression strain and the film thickness is observed in the In~2~Se~3~ sample ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), while the tensile strain is inversely related to the film thickness in the Bi~2~Se~3~ sample ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). It is observed that the phonon frequency variation is much more sensitive to the film thickness in In~2~Se~3~ than Bi~2~Se~3~.

![Thickness-dependent in-plane strain of (a) MBE In~2~Se~3~ (A~1~(LO + TO) mode) and (b) Bi~2~Se~3~ (A~1g~^2^ mode) on a sapphire substrate. Black dots: strain derived from the center wavenumber of Raman peaks. Blue curve: measured surface topology near the edge of the sample, as shown in the corresponding optical microscopy images. Insets: Schematics of atomic structure transition before and after transferring.](ao0c00224_0005){#fig5}

The opposite strain--thickness relationship in β-In~2~Se~3~ and Bi~2~Se~3~ can be explained by the different atomic deformation on the heteroepitaxy interfaces. The tensile strain in Bi~2~Se~3~ is more straightforward to explain. Its lattice constant in the a--b plane is 0.414 nm,^[@ref35]^ which is smaller than the sapphire substrate (0.476 nm for the plane a--b). During the deposition of the first few layers, tensile strain is formed on the interface ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). With increasing thickness, the strain becomes larger, and dislocations may be formed. These dislocations will be formed near the interface, and thus the strain is relaxed in thicker films. Alternatively, the strain could be relaxed through slight changes in the lattice constant with thickness because of the weak vdW bonds between layers. Either way, we expect the smaller strain that is observed in thicker samples. In addition, the thermal expansion coefficient of Bi~2~Se~3~ (11 × 10^--6^/°C^[@ref36]^) is larger than that of sapphire (7.5 × 10^--6^/°C). The cooling process in the growth chamber will also therefore contribute to the development of tensile strain.

The most likely cause of the strain in the In~2~Se~3~ layer is the difference in thermal expansion between the seed layer and the In~2~Se~3~ film. We can see from the data shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a that the 10 nm seed layer accommodates most of the strain caused by the difference in the lattice constant between the chalcogenide film and the sapphire substrate. The compressive strain in the In~2~Se~3~ film can be attributed to a significant difference in the thermal expansion coefficient between the film and the seed layer and the substrate: the thermal expansion coefficient of In~2~Se~3~ is 3 × 10^--6^/°C,^[@ref37]^ while the thermal expansion coefficient of the seed layer is likely to be between the In~2~Se~3~ and Bi~2~Se~3~ values at 11 × 10^--6^/°C. The thermal expansion coefficient of sapphire is 7.5 × 10^--6^/°C. Therefore, as the sample cools from its growth temperature of 425 °C, the compressive strain will be induced in the film. Assuming the lattice deformation in In~2~Se~3~ is minimal at the growth temperature, the larger thermal expansion coefficient in the seed layer and the substrate makes its lattice experience a larger reduction compared to In~2~Se~3~, which leads to compressive strain in the epitaxial layer. This also explains why we see an increase in the strain as the film thickness increases for In~2~Se~3~.

3. Conclusions {#sec3}
==============

We report the micro-Raman study of the strain in MBE-grown chalcogenide samples. The A~1~(LO + TO) peak in In~2~Se~3~ and the A~1g~^2^ peak in Bi~2~Se~3~ are the phonon modes most sensitive to externally introduced strain, and thus used to calibrate the strain in as-grown samples. The In~2~Se~3~ A~1~(LO + TO) phonon frequency decreases with strain at the ratio of −1.97 cm^--1^/%. The Raman shift--strain coefficient for the A~1g~^2^ mode in Bi~2~Se~3~ is calibrated to be −1.68 cm^--1^/%, by introducing strain in a flexible substrate. Micro-Raman studies indicate that the strain increases with the thickness in In~2~Se~3~ and decreases in Bi~2~Se~3~, which might be attributed to the opposite differences in both the lattice constant and the thermal expansion coefficient between the sample and the substrate. Understating the strain sheds light on the possible atomic structure deformations in the MBE chalcogenide films, and the modified band diagrams can be used for evaluating their performance in optoelectronic devices.

4. Methods {#sec4}
==========

4.1. Material Growth {#sec4.1}
--------------------

All chalcogenide thin films are grown on c-plane sapphire substrates. In the MBE chamber (Veeco GENxplor), selenium is evaporated by using a cracker source, and indium and bismuth are both evaporated using dual filament effusion cells. A thermocouple monitors the substrate temperature. Before growth, the sapphire substrate is heated to 650 °C for cleaning, and then reduced to 300 °C for the growth of Bi~2~Se~3~. Bi~2~Se~3~ is then directly grown on the sapphire substrate. Unfortunately, it is difficult to nucleate a single polytype of In~2~Se~3~ on sapphire. Therefore, a seed layer of 10 QL BiInSe~3~ is needed for the growth of In~2~Se~3~. To grow the seed layer, 5 QL Bi~2~Se~3~ and 5 QL In~2~Se~3~ are first grown on the sapphire substrate at 300 °C. Then, the sample is heated to 425 °C for interlayer diffusion. After the BiInSe~3~ seed layer (10 nm thick) is grown, pure In~2~Se~3~ layers are deposited at 425 °C. Atomic force microscopy measurements confirm the formation of large domains of single crystalline Bi~2~Se~3~ and In~2~Se~3~.^[@ref5]^ The thickness of MBE Bi~2~Se~3~ and In~2~Se~3~ films is characterized to be 79 and 76 nm respectively, using a Bruker DektakXT profilometer.

4.2. Mechanical Exfoliation and Transfer {#sec4.2}
----------------------------------------

Large flakes of MBE-grown In~2~Se~3~ and Bi~2~Se~3~ thin films can be exfoliated from the sapphire substrate and transferred onto a 0.175 mm thick PET using a thermal release tape ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00224/suppl_file/ao0c00224_si_001.pdf) S2). The MBE flakes are relieved from the thermal release tape after heating up to 110 °C.

4.3. Characterization {#sec4.3}
---------------------

The chalcogenide crystalline film on a flexible substrate is then mounted on a caliber and placed under a micro-Raman spectrometer with a 50× objective and a 900 lines/mm grating. The strain is applied to the sample by reducing the lateral distance of the bent PET. The micro-Raman spectrometer (Thermo Scientific DXR) uses a 532 nm excitation laser, with the laser power kept below 0.1 mW for minimizing the possible thermal effect on the sample. The spot size is around 0.7 μm. It is noted that sometimes the strain from the substrate may not be able to directly load onto the wrinkled sample before expanding the folded area. Those wrinkles are likely introduced during the dry transfer process.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00224](https://pubs.acs.org/doi/10.1021/acsomega.0c00224?goto=supporting-info).Derivation of Raman shift--strain relationships and details of chalcogenide material exfoliation and transfer ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00224/suppl_file/ao0c00224_si_001.pdf))
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